High-spin states in 177 Ta have been studied using the 170 Er( 11 B,4n) reaction. New intrinsic states have been observed corresponding to 3-, 5-, and 7-quasiparticle high-K structures. Rotational bands built on most of the 3-and 5-quasiparticle states and some transitions above the 7-quasiparticle states have been identified. Several isomers have been found, the longest lived being the yrast trap at ϳ8.5 MeV.
Ϫ , 7-quasiparticle state with a meanlife of 192 s. Configurations for the observed intrinsic states have been assigned on the basis of g K values, alignments, and decay properties. While the properties of most of the bands are consistent with their proposed configurations, the behavior of some, including the one built on K ϭ 21 2 Ϫ 3-quasiparticle isomer, is not well understood.
Multiquasiparticle blocking calculations based on the Lipkin-Nogami method, are in good agreement with the excitation energies of the experimentally observed states and all the predicted states close to the yrast line up to spin 49 2 have been observed experimentally. The calculations predict the existence of a 9-quasiparticle 67 2 Ϫ yrast trap at ϳ8.5 MeV.
PACS number͑s͒: 21.10. Re, 21.10.Tg, 23.20.Ϫg, 27.70 .ϩq
I. INTRODUCTION
It is well known that the pairing correlations between nucleons in a nucleus are extremely important in the region of low angular momentum where they manifest themselves by reducing the nuclear moment of inertia with respect to the rigid-body estimates ͓1͔. However, as the rotational frequency of the nucleus is increased, the resulting Coriolis and centrifugal forces tend to reduce the pairing correlations, an effect which has been extensively studied ͓2͔. A decrease in the correlations is also expected for multiquasiparticle configurations because the unpaired nucleons block the singleparticle states into which pairs of nucleons can scatter. These effects had not been studied extensively partly due to the lack of appropriate experimental data. Such data ͓3-9͔ are now becoming available around the mass 180 region, allowing the investigation ͓10͔ of pairing as a function of seniority.
Nuclei near Aϳ180 are particularly favorable candidates for studying the influence of many broken pairs of nucleons ͑at low rotational frequency͒ on pairing. In this region the proton and neutron Fermi levels are among orbitals with large values of ⍀, the projection of angular momentum on the nuclear symmetry axis, so that high-K multiquasiparticle states compete favorably with collective rotational excitations to form the yrast line. Spectroscopic investigations have identified many such states ͓11-16͔, but experimental data for high seniority states had been fragmentary, mainly because their angular momenta are often close to the maximum attainable from the available reactions.
The nucleus 177 Ta can be favorably populated up to spins у20ប using the reaction 170 Er( 11 B,4n) allowing access to the region where high-K multiquasiparticle states might exist ͓17͔. Early ͓18-23͔ and more recent ͓24,25͔ studies of 177 Ta were reported by other groups, resulting in the identification of 1-quasiparticle bands and some of the 3-quasiparticle states and their associated bands. Our work, first reported in Ref. ͓4͔ , is the only one which is sensitive to the identification of intrinsic states at higher spins due to the angular momentum input and the technique of time-correlated ␥-ray spectroscopy employed in the measurements. It reveals the presence of one 1-quasiparticle, three 3-quasiparticle, five 5-quasiparticle and three 7-quasiparticle states in addition to the intrinsic states known from earlier investigations. Some of the new states are isomeric. Selected results, pertaining mainly to the yrast isomers, have been published earlier ͓4͔ together with some results for 176 Ta and a comparison with calculations of the multiquasiparticle states. The present paper addresses the complete level scheme involving intrinsic states and associated rotational bands, and compares the results with more recent calculations which supersede those of our earlier work.
II. EXPERIMENTAL METHOD

States in 177
Ta were populated by the reaction 170 Er( 11 B, 4n) using the CAESAR array ͓26͔ containing six Comptonsuppressed high-purity germanium ͑HPGe͒ detectors. An unsuppressed planar germanium detector ͑LEPS͒ was included to give enhanced efficiency and resolution for ␥-ray transitions between ϳ15 and 100 keV. The energies of each twofold coincidence ͑encompassing time differences of up to Ϯ0.856 s) were recorded event-by-event, together with the time of each energy signal relative to the beam bunches, allowing unambiguous identification of ␥-ray transitions preceding or following an isomer.
B. ␥-ray singles measurement
Gamma rays were measured in singles mode under the experimental conditions described in Sec. II A. These data were used in part to determine relative intensities and populations of the different bands. The anisotropies were determined from the prompt-gated ␥-ray spectra, encompassing time differences up to Ϯ40 ns with respect to the beam to minimize relaxation effects due to isomers.
C. Beam-␥ measurements
The possible existence of isomers in the microsecond region was investigated using a chopped beam of 2 s pulses, separated by 103 s and the experimental setup described in Sec. II A. The energies of ␥ rays were recorded event-byevent, together with the time of each energy signal relative to the beam pulses. A fast veto was used to remove ␥ rays occurring in the 2 s in-beam period, to increase the sensitivity to the ␥ rays following an isomer.
D. Conversion electron measurements
A separate experiment was performed to measure conversion coefficients, using a superconducting solenoidal spectrometer ͓27͔. A relatively thin target of thickness 1.5 mg/cm 2 placed at 30°with respect to the beam was used to optimize the electron energy resolution. Since the presence of isomers with lifetimes in two distinctly different time regions ͑nanosecond and millisecond͒ had been established, the beam on/off periods were adjusted to cover two time regimes; 1 ns on ͑bunched͒, 900 ns off; and 80 s on, 720 s off. The spectrometer field was swept over a range of magnetic fields such that electrons of energies between 115 and 2145 keV for the former run, and 70 and 680 keV for the latter, were optimally transported to a cooled Si͑Li͒ detector. During the latter measurement a veto was used to reject the prompt events. The ␥ rays were detected using a Compton-suppressed HPGe detector. Conversion electrons and ␥ rays were recorded in event-by-event mode with their times relative to the beam bursts.
III. ANALYSIS PROCEDURE
A. ␥-␥ coincidences
The data were sorted, following energy gain and time matching, into 4096ϫ4096 channel matrices with the following constraints on the ␥-␥ coincidence relationship: ͑i͒ a requirement that two ␥ rays occur within Ϯ40 ns of each other; ͑ii͒ a less stringent condition where the time relationship was relaxed to Ϯ150 ns in order to include low-energy ␥ rays which suffer from time walk in the detectors; ͑iii͒ a condition that two ␥ rays occur within Ϯ40 ns of each other and also during beam bursts; ͑iv͒ the complementary case where both ␥ rays are required to occur between beam bursts, thus selecting coincidence events below an isomer; ͑v͒ where the ␥ events are required to occur between beam bursts with the additional condition that they be separated in time between 80 and 300 ns; this matrix then allows for two event-projection types-͑a͒ projection of those events that precede an isomer by gating on transitions that follow it; and ͑b͒ projections of those events that follow an isomer by gating on transitions that feed it; ͑vi͒ the same as the previous condition, with the required time difference between ␥ events being from 300 ns to 1.52 s. Again, one can obtain two types of projections as detailed above. In this case the sensitivity to longer lived isomers is enhanced compared to sort ͑v͒. Background subtracted coincidence spectra were generated, for each individual ␥-ray transition, from these matrices and were examined to construct the level scheme.
B. ␥-␥ time
In order to isolate the lifetimes of individual states, the coincidence data were also sorted into three-dimensional ␥ 1 -␥ 2 -time matrices. For states depopulating by low-energy ␥ rays a separate matrix was constructed with any of the six HPGe detectors (␥ 1 ) against the LEPS detector (␥ 2 ). The time relationship between pairs of ␥ rays could be obtained from such matrices by taking background subtracted ␥-ray gates on transitions preceding and following any state.
C. ␥ time
Two-dimensional matrices were generated of ␥-ray energy vs their time of arrival with respect to the beam, using the data taken during the experiments described in Sec. II. Matrices were constructed corresponding to the different beam on/off periods: ͑a͒ 1 ns on, 900 ns off, ͑b͒ 2 s on, 103 s off, and ͑c͒ 80 s on, 720 s off; facilitating the measurement of the short-lived and the long-lived states. A separate ␥-time matrix was constructed using the data recorded in the LEPS detector to determine the lifetimes of the states which are relatively short lived ͑meanlife Ͻ1 s), and decay by low-energy ␥ rays.
D. Conversion electrons
The data from the experiment discussed in Sec. II D were used to construct two-dimensional matrices of electron energy or ␥-ray energy against the time of arrival with respect to the beam pulse. Prior to construction of the matrices, the electron events were subjected to momentum selection criteria ͓27͔ to eliminate background events arising mainly due to backscattering of electrons from the detector. Projections from the ␥ time and electron-time matrices were used to assemble electron and ␥-ray spectra in specific time regions, selected to improve the sensitivity to specific decay paths, e.g., long-lived or short-lived isomer decay. Electron and ␥-ray intensities were then extracted and compared to determine the conversion coefficients.
IV. RESULTS
The present study confirms all the known 1-quasiparticle bands and agrees with the bandhead configurations assigned by previous works, hence they are adopted here. It is also convenient, at this stage, to use the configurations for the multiquasiparticle states, subsequently described and justified in Sec. V. The detailed level scheme for 177 Ta is presented in five parts in Figs. 1-5.
A. Previous work
The Ϫ isomer have been published earlier ͓4͔.͒
B. Level scheme
The present level scheme was constructed using a range of information; from the various time correlated ␥-␥ matrices ͑Sec. III A͒, by considering prompt coincidences with characteristic tantalum x rays, by elimination of other known transitions in neighboring nuclei and by using the results from earlier measurements ͓18-23,25͔ which were confirmed independently. All the new bands and intrinsic states identified in this work were found to be connected to known states and hence their association with 177 Ta as listed in Table I , is unambiguous. The table includes some ␥-ray transitions which were found to be in coincidence with ␥ rays associated with 177 Ta but which could not be associated with band structures. Ϫ band ͑see Fig. 1͒ .
1-quasiparticle bands
The rotational bands built on 1-quasiparticle states are shown in Fig. 1 . They are associated with the g 7/2 , h 9/2 , d 5/2 , and h 11/2 proton orbitals and the corresponding band structures are labeled with the Nilsson configurations 3͒. This work also extends the rotational sequence built on the previously known states, the K ϭ ϩ ), but it disagrees with their assignment of the first member of the rotational band as being at 1656.2 keV. In the present work it is assigned to be at 1605.4 keV with a decay to the K ϭ Ϫ isomeric state at 1355 keV. Figure 9 shows the events that precede its decay. This spectrum is generated by gating on the 311.3 keV transition ͑which depopulates the isomer͒ and the 171.6, 195.3, and 218 .1 keV transitions of the 9 2 Ϫ ͓514͔ band ͑which is fed by the isomer͒, with an appropriate time gate. The spectrum corresponds mainly to the portion of the level scheme in Fig. 3 Ϫ , respectively, in Fig. 4 . These states are weakly populated as they are close to the maximum input angular momentum brought in by the reaction. Ϫ isomer. This out-ofbeam coincidence spectrum is generated by gating on the 240.8 and 461.5 keV transitions below the isomer, with the additional condition that the coincident ␥ rays should occur within Ϯ40 ns of each other. This constraint reduces the intensity of the ␥ rays following the K ϭ 33 2
Ϫ isomer in the spectrum ͑and incidentally reduces the efficiency below ϳ70 keV). The weak 502 and 935.9 keV ␥ rays in the spectrum are due to the decay branch of the K ϭ Ϫ isomer and plays a crucial role in determining the correct spins of the intrinsic states.
C. Transition intensities and angular distributions
The relative intensities of the ␥-ray transitions given in Table I are normalized to the intensity of the 147 keV transition in the 9 2 Ϫ ͓514͔ band, which is arbitrarily taken to be 1000 units. Due to the complexity of the spectrum, many of the transition intensities are obtained from either acrossisomer projections or from prompt-coincidence projections. While angular correlation effects in the former are expected to be minimal, they may significantly affect the intensities obtained from the latter. The intensities obtained solely from the prompt coincidence data are indicated in Table I and have not been corrected for angular correlation effects which are estimated to be Ͻ15%.
The prompt gated ␥-ray spectra recorded in singles ͑see Sec. II B͒ at Ϯ48°, Ϯ97°, and Ϯ145°were analyzed to obtain the angular distribution information. Due to the limited number of angles in the array, only the A 0 and A 2 coefficients could be extracted, with the A 4 term set at zero. The fitted A 2 values are given in Table I and are discussed for the particular transitions in Sec. V C.
D. Electron conversion coefficients and multipolarities
The electron conversion coefficients are given in Table II . Total electron-conversion coefficients were obtained from the ␥-␥ coincidence spectra by determining the balance of the transition intensities feeding and depopulating a given state. The K-, L-, and M-conversion coefficients were determined from the conversion electron measurements as detailed in Sec. III D. Figure 11 shows the ␥-ray and the corresponding conversion electron spectra optimized with the appropriate time gates to select transitions following the decay of the K ϭ 49 2 Ϫ isomer ͑Fig. 4͒.
E. Level lifetimes
Time spectra for each individual transition generated from the ␥-time and ␥-␥-time matrices ͑see Secs. III B and III C͒ were used to determine the meanlives of the intrinsic states. The accuracy to which short lifetimes can be measured depends critically on the measurement of the time response as a function of the ␥-ray energy for one detector in the case of ␥-time measurements and for two detectors for the ␥-␥-time measurements ͓28͔. The response functions for the ␥-time measurements were obtained by fitting the time spectra of prompt ␥ rays using a single Gaussian. For the ␥-␥-time measurements, the response functions for pairs of transitions were obtained by fitting the time difference spectra for a number of pairs of prompt ␥ rays in a cascade whose energies lie in the neighborhood of the ␥ rays of interest. The positions and widths of the Gaussians obtained from the fitting procedure were parametrized and used for subsequent analyses. For very short lifetimes (Ͻ5 ns), instead of using the universal fit parameters, response functions determined from prompt ␥ rays with energies close to the line of interest were used.
In determining the lifetimes from ␥-time measurements only those lines which were free of contaminants were used, while in the case of ␥-␥-time measurements, contaminants usually do not pose a problem. Wherever possible, several ␥-ray transitions or pairs of transitions were used to obtain independent measurements of the meanlives. For overlapping transitions which are partially resolved in the LEPS detector, separate time spectra were obtained by unfolding.
The meanlives of the intrinsic states range from several ns to a few hundred s and are summarized in Table III .
The meanlives of the 1-quasiparticle 5 2 ϩ ͓402͔, Ϫ state in the analysis of the combined decay curve. The combined decay curves were generated by ͑i͒ the ␥-time method using the 555.3 and 789.3 keV transitions and ͑ii͒ the ␥-␥-time method using the ͕104.2͖ ͕555.3, 789.3, 436.6͖ keV and ͕363.2͖ ͕555.3, 789.3, 436.6͖ keV pairs where the notation denotes that the 104.2 keV ͑or 363.2 keV͒ transition is used as the start and either the 555.3 or 789.3 or 436.6 keV transitions are used as stop ͑LEPS detector used for the 104.2 keV͒. The time spectrum obtained from the pairs ͕363.2͖͕436.6, 555.3, 789.3͖ keV is shown in Fig. 12 along with the fit using meanlife values of 33Ϯ6 ns for the K ϭ Ϫ state is consistent with the value (85Ϯ25 ns) obtained from the analysis of the time spectra for the 26.2 keV ␥ ray. In our previous publication ͓4͔, the meanlives were quoted to be 60 and 25 ns for the K ϭ Ϫ states, respectively, whereas the present more complete analysis shows that a reversal of those lifetimes explains the data better.
The meanlife of the K ϭ 35 2 ϩ state at 2956.8 keV was determined to be 2.4Ϯ0.5 ns from the analysis of the time spectrum of the 104.2 keV transition in the LEPS detector, and 3Ϯ1 ns using the ␥-ray pairs ͕104.2͖͕232.5, 321.7, 357.0, 461.5͖ keV in the ␥-␥-time method, leading to a weighted average of 2.6Ϯ0.5 ns. Due to insufficient statistics, only limits could be placed on the lifetimes of the K 
V. QUASIPARTICLE CONFIGURATION ASSIGNMENTS
Many new multiquasiparticle states and their rotational structures have been identified in this work. Configuration assignments have been made by taking into account the observed properties such as g K Ϫg R values and alignments, as detailed below. For convenience each band has been labeled by a K quantum number, assumed to be equal to the spin of the bandhead, although it is to be understood that cases of significant alignment also imply mixed K.
A. g K Àg R values
The ␥-ray branching ratios were deduced from the intensities of the ⌬Iϭ1 and ⌬Iϭ2 in-band transitions, deduced mainly from coincidence data. B(M 1)/B(E2) and g K Ϫg R values were obtained using the rotational model expressions ͓3͔. The (g K Ϫg R )/Q 0 values have been calculated with the assumption that K is equal to the bandhead spin and using a value of Q 0 ϭ7.27 eb, an estimate obtained by taking the average of the quadrupole moments of neighboring Hf nuclei ͓31,32͔. Since the branching ratios yield only the magnitude of the quadrupole-dipole mixing ratio, the sign of ␦ has been obtained from the measured anisotropies. A positive sign was determined for all the bands where there were adequate statistics. The values for B(M 1)/B(E2), g K Ϫg R and ␦ are presented in Table IV .
The experimental g K values, given in The results for configurations involving i 13/2 neutrons are not expected to agree with these simple estimates as the calculations assume a pure configuration, whereas i 13/2 neutrons can involve strong Coriolis K mixing. In such cases, the g K values have been calculated using the geometric model of Dönau ͓34͔ which gives where i j is the alignment of the jth nucleon. The range of calculated g K values are given in the last column of Table V and they will be discussed in relation to the individual configurations in Sec. V C.
B. Alignments
The degree of rotational alignment i() is a measure of the quasiparticle contribution to the total angular momentum of the rotating nucleus and is defined as
where I x ()ϭ͕I(Iϩ1)ϪK 2 ͖ 1/2 is the component of the total angular momentum of the band on the axis of rotation and I re f ()ϭ(I 0 ϩI 1 3 ) is the total aligned angular momentum of a reference configuration ͓35͔. The alignment is configuration dependent and primarily determined by the number of quasiparticles in the strongly Coriolis mixed orbitals, e.g., i 13/2 and h 9/2 . The alignments for multiquasiparticle bands are expected to be equal to the sum of the constituent 1-quasiparticle components, although strict additivity breaks down due to pairing differences. (18) ϩ (9) 0.4͑2͒ K ϭ(37/2) Ϫ ,Eϭ3287.0 keV Values calculated using rotational model. Other limits could not be calculated as ␦ 2 is negative when the upper limit of the branching ratio is used.
1 2 Ϫ ͓541͔ band, have been used in calculating the experimental alignments, which are shown in Figs. 14-16 for the different bands in 177 Ta. These are discussed in relation to individual bands in the following subsections. ϩ transition energy which was assigned as 324 keV in Ref. ͓25͔, compared with our assignment of 321 keV. This band, being furthest from the yrast line among the 1-quasiparticle bands, is weakly populated compared to the others. The experimental g K value of 1.67͑6͒ is consistent with the configuration assignment. The meanlife of the bandhead is determined to be 100Ϯ3 ns and agrees well with the previously compiled value of 105Ϯ7 ns ͓23͔. Ϫ levels is clearly visible in that spectrum and one would therefore expect to see the 666 keV line with comparable intensity. The absence of the 666 keV line in the 316 keV gate indicates that it unlikely to be in the band. The present work shows that while a 315.9 keV transition is present in the ϩ band ͑see Ϫ bandhead is Ͻ2 ns, these transitions are likely to be E2 rather than M 2 in nature, leading to a negative parity for the band.
This state is too low to be a 3-quasiparticle state, and could be the 
K Ä(
17 2 ) state at 1476 keV (Fig. 2) ϩ has been assigned to the bandhead. The relative intensities of the depopulating transitions are consistent with the spin and parity assignment. As shown in predictions, but an increase in the g R value of 0.1 ͑i.e., g R ϭ0.39) makes the experimental points coincide with the predictions for 3 configuration. Such an increase could occur as a result of reduced proton pairing in the 3-quasiproton configuration due to blocking effects. The slow rise in g K as seen experimentally is also in accord with the 3 structure. Thus, even though the identification of the structure is ambiguous, the experimental evidence would seem to favor the 3 configuration. ϩ level ͑Fig. 5͒, is assigned a M 1/E2 character from the total conversion coefficient given in Table II , hence the assignment of positive parity. The existence of various depopulating transitions, restricts the spin to be either 29 2 or 27 2 ; the mixed M 1/E2 character of 155.2 keV transition makes it unlikely to be the latter, leading to a tentative assignment of ( 29 2 ) ϩ . The bandhead is likely to be a 5-quasiparticle structure as it lies close to the other 5-quasiparticle bandheads and is much higher than the 3-quasiparticle bandheads. The Nilsson configuration 2 ͕ 5 2 Ϫ ͓512͔,
Ϫ ͓541͔͖ is a possible candidate, but in the absence of an associated band, it is not possible to confirm it.
K Ä 31 2
¿ state at 2826.4 keV (Fig. 4) This isomeric state has several decay routes, with the strongest being to the K ϭ ϩ band, given in Table II , clearly show these transitions to be of M 1 and E2 character, respectively, leading to an unambiguous assignment of the spin and parity of the state. The meanlife of this state is determined to be 33 Ϯ6 ns as detailed in Sec. IV E.
The alignment obtained from the tentative band members is ϳ2.5ប. Out of the possible Nilsson configurations given in Table V , the low alignment favors the first or the second, the third being discounted due to the presence of two aligned particles. The first configuration is expected to be energetically favored, but a firm assignment is precluded in the absence of information about other in-band properties.
K Ä 33 2
À state at 2852.6 keV (Fig. 4) This state has a meanlife of 66Ϯ5 ns and decays to the K ϭ ϩ for the state; the higher spin being favored by the relatively strong population of the band.
The high alignment of the band ͑Fig. 16͒, and a compressed spacing between the bandhead and the first rotational level, both indicate the presence of Coriolis interactions and hence the presence of i 13/2 neutrons. The possible 5-quasiparticle Nilsson configurations for the state are listed in Table V states. However, this agreement could be fortuitous due to the inherent limitations ͓44-46͔ of the BCS theory, which results in an artificial collapse of pairing for low values of the pairing-force strength, as seen in our previous calculations ͓4͔. These limitations can partly be overcome if the pairing correlations are treated using the Lipkin-Nogami formalism ͓47͔. In this section we present such calculations.
The single-particle energies required as inputs to the calculations, were obtained from the Nilsson model using the deformation parameters given in Sec. V A. The energies of the states close to the Fermi surface were subsequently adjusted to reproduce approximately the experimental onequasiparticle energies, in 177 Ta in the case of protons, and an average of 177 Hf and 177 W energies in the case of neutrons. Pairing force strengths of G ϭ20.7/A MeV and G ϭ18.3/A MeV were used for the calculations, yielding ground-state pairing gaps of 866 and 742 keV, respectively. Following this procedure, the multiquasiparticle energies were calculated without further adjustment of parameters. These calculations in general agree well with those of Ref.
͓7͔, where calculations were performed to obtain a consistent picture of the multiquasiparticle states in a series of Ta isotopes, but the parameters in the present case have been adjusted slightly for 177 Ta. As a result, the 7-quasiparticle states, all of which contain a 9 2 ϩ ͓624͔ neutron, are reproduced better in the present calculation and it is likely that in the calculations of Ref. ͓7͔, the 9 2 ϩ ͓624͔ level was taken to be too close to the Fermi surface.
The resulting comparison with experiment is presented in Table VII along with the values for the pairing energies for protons and neutrons and the residual interactions ͓46͔. For ease of comparison, the excitation energies relative to the 1 2 Ϫ ͓541͔ band members, as a function of spin, are shown in Fig. 22 . The calculations, with the inclusion of residual interaction energies, are in good agreement with the excitation energies of the experimentally observed multiquasiparticle states. It is of note that almost all the states which are predicted to lie in close proximity to the yrast line have been observed.
Even though the overall agreement is good, there are disagreements which need comment. The calculated
